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ANALYSES OF THE GAMMA-RAY PULSE-HEIGHT

SPECTRA FROM THE LUNAR SURFACE

INTRODUCTION

Scintillation spectrometers are used to measure the characteristic gamma-ray
emission spectrum from the moon. The measured pulse-height spectrum is
not identical with the true photon spectrum, which is of significance in terms
of geochemical interpretation. Furthermore, the lunar gamma-ray emission
spectrum can be considered to consist of two components: a component made
of discrete energies that can be used directly to infer elemental surface com-
position and a component characterized by a distribution continuous in energy.
This latter component can be associated with such processes as Compton
scatter of gamma rays and Bremsstrahlung in the lunar surface. Surface com-
position cannot be directly inferred from this component. There are a number
of other background interferences, such as gamma-ray induced and natural
radioactivity in the spacecraft, diffuse gamma-ray background, and spallation
effects. In terms of the analytic method to be described in this section, we
will only consider the analytic method for obtaining the elemental composition
from the observed lunar surface spectrum. The problem is twofold. First,
one must infer the true photon spectrum from the measured pulse-height
spectrum and, second, determine the magnitude of the discrete and continuous
components of the emission spectrum.

We will first consider the method of inferring photon spectra from an analysis
of the measured pulse-height spectrum. The term "pulse-height" is used to
describe the spectrum because the detector output is usually an analog voltage
or current signal which is digitized by using a multichannel pulse-height
analyzer. The pulse-height spectrum is a measure of the interaction between
the incident gamma ray and the detector. We can describe this interaction
process as follows:

E max

Y(V) = axT(E)S(E,V)dE
o (1)

where Y(V) = measured pulse-height or interaction spectrum as a
function of pulse-height V

T(E) = differential energy photon spectrum as a function of E

S(E, V) = detector interaction function reflecting the mechanisms
of converting photons of energy, E, into a pulse-height
signal, V, at the output of the detector.

The problem is to infer T(E) from Y(V) and a knowledge of the function S(E, V).
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We now consider the shape of S(E, V) and its variation with energy. The pulse-

height spectrum obtained when monoenergetic gamma rays are detected using
a scintillation system is never a line. Its shape is determined by gamma-ray
energy and source detector configuration. The shapes of these monoenergetic
pulse-height spectra are primarily determined by the relative magnitude of the
photoelectric absorption, Compton scattering, and pair-production cross
sections and the losses and statistical fluctuations that characterize the crystal,
light collection, and photomultiplier system.

One can determine the shape of the interaction spectrum by determining the
amount of kinetic energy imparted to an electron by the particular gamma-ray
interaction.

Let us examine the case where photoelectric absorption predominates and
Compton scattering and pair production are thought to be negligible. In this
process the kinetic energy imparted to a secondary electron is equal to the
energy of the gamma ray minus the electron binding energy. This binding en-
ergy can be reclaimed in terms of the scintillation process by the absorption
of the X-rays produced after photoelectric absorption. There is also the
possibility that the X-rays may escape the crystal without being absorbed. The
pulse-height distribution caused by photoelectric absorption is characterized by
two regions: the region of total absorption (the photopeak) and the region of
total absorption minus X-ray escape energy (the escape peak). This distribu-
tion spreading, plus the Gaussian spreading previously discussed, yields a
pulse-height spectrum similar to that shown in Figure 1, the 0. 298 MeV line.

When Compton scattering becomes an important energy-loss mechanism, an-
other region, the so-called Compton continuum, is observed in the pulse-height
spectrum. In terms of the scintillation process, all the energy lost in scatter-
ing will be given up to the electron as kinetic energy. The gamma ray may
lose part of its energy to the crystal; furthermore, after suffering a Compton
collision or a number of Compton collisions, it may suffer a photoelectric ab-
sorption and lose its remaining energy. Thus, the gamma ray either loses all
of its energy in the crystal or loses part of its energy in the crystal while the
remainder of the ray escapes the crystal at a diminished energy. (See Figure
1, the 0. 826 MeV/line.)

At energies higher than 2 MeV, pair production becomes appreciable. In
Figure 1, one observes two false "photopeaks" in the pulse-height spectrum
for an energy of 2.41 MeV incident upon the 8- by 8-cm (3- by 3-in) NaI(T1)
detector. The pulse heights of the three peaks, in order of increasing pulse
height, are caused by:
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0 Pair production with escape of both annihilation quanta

0 Pair production with the absorption of one annihilation quantum

0 Pair production with absorption of both annihilation quanta and total
absorption by photoelectric effect or any combination of other effects
leading to total absorption

In addition to the photopeak, the iodine X-ray escape peak, the Compton con-
tinuum, and the pair escape peaks, there are a number of other regions
characteristic of experimentally determined monoenergetic pulse-height
spectra:

* The multiple Compton scattering region-Because of such scattering
from materials surrounding the source and crystal, thus degrading
the primary energy, there is a continuous distribution of gamma rays
incident upon the crystal with energies less than the maximum en-
ergy.

* Annihilation radiation from the surroundings- Positrons emitted from
the source may annihilate the surrounding material. Some of the
0. 51-MeV gamma rays produced in such a manner will reach the
crystal, and a pulse-height spectrum characteristic of 0. 51-MeV
gamma rays will be superimposed on the monoenergetic pulse-height
spectrum.

* Coincidence distribution-If two gamma rays interact with the crystal
during a time shorter than the decay time of the light produced in the
scintillation process, a pulse will appear whose height is proportional
to the sum of energies lost to the crystal by both interacting gamma
rays.

Because the interaction time of both single and multiple interactions is shorter
than the decay time of the light in the crystal, a single gamma ray interacting
with the crystal produces only one pulse. The magnitude of the pulse height is
affected by the type or number of interactions for a given gamma ray. Thus,
if the above-mentioned coincidence effects are negligible, the measured mono-
energetic pulse-height spectrum can be considered as a distribution of the
probability of energy loss as a function of energy for the given gamma-ray
energy and geometrical configuration. In addition, the shape of the monoener-
getic pulse-height distribution depends on the source detector geometry.
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The functions S(E, V) can either be experimentally determined or theoretically
calculated. Radioactive sources were available to study this energy dependence
experimentally up to 3 MeV, and neutron capture methods were used to study
crystal response up to 10 MeV. 2 The lower and higher experimentally deter-
mined energy-response functions were then calculated using stochastic (Monte
Carlo) techniques and found to be in good agreement. 2 , 3 We therefore feel that
the response function can be calculated theoretically for any energy needed in
the analysis considered in the following discussion. The three pulse-height
spectra shown in Figure 1 have been produced by the stochastic calculation
technique.

Now that we have a method for calculating S(E, V), we can consider methods
for determining T(E) in Equation (1). The analysis of gamma-ray pulse-height
spectra in this particular spectral region must be accomplished by numerical
methods because we cannot yet perform this inverse transform analytically.
The integral in Equation (1) can be written as a sum of discrete components.
T(E) is not a discrete distribution in energy, but a continuous energy distribu-
tion. The method for obtaining T(E) is based on a theorem in sampling theory4

and on the fact that there is a finite energy resolution of the detection system.
If a distribution has no oscillatory component with a frequency greater than
fmax, then the Shannon sampling theorem asserts that samples at discrete
points not farther apart than 0. 5-fmax, describe the original function exactly.
The original function may be reconstructed from the samples. 5 Thus, Equation
(1) can be written as

Y =  T Sij (2)

where Yi is the measurement of Y(V) in channel or pulse height i, Tj is the
total number of gamma rays in energy groupAEj about Ej and Sij is the value
of the j-th standard spectrum in channel i. The Sij components are the re-
sponse of an NaI(T1) detector to an incident monoenergetic gamma ray.

In applying Shannon's sampling theorem to the analysis of spectra obtained
with NaI(T1) crystals, sampling components Sij are chosen so that their separa-
tion energy is no greater than the half-width at half-maximum of their photo-
peaks. Further, the integral in Equation (1) is a sum of discrete energy
components that describe an energy interval AE about a given E; the energy
intervals between theAE samples are less than the half-width at half-maximum
of the photopeak for the function S(E, V). 4, 6 Thus the approximation formula,
Equation (2), is obtained. Equation (2) is now in a form where a valid numerical
transformation can be obtained using techniques derived from the analysis of
variance. The details of this derivation can be found in Reference 5. Using
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the least-squares principle, the method requires that

M wi(Yi - T Sij ) 2  
(3)

J J

be a minimum, where ci is the statistical wei ht corresponding to the measure-
ment of Yi on channel i andwi = 1/, 2 , wherey i is the variance of the count
in channel i. The partial derivatives of M are taken with respect to T in order
to determine the minimum. The solution in matrix form is given by Equation

(4)

T = ( -SY W (4)

where T is a best estimate of the differential energy photon spectrum, S is an
m x n matrix describing the discrete set of detector response functions
(library functions) using the selection rule derived here, S is the transposition
of S, o is a square diagonal matrix of the weighting functions, and Y is a vector
describing the pulse-height spectrum. A detailed description of the calculated
method and computer program is found in Reference 6.

At this point we are now able to transform from pulse-height space to photon
space. Our major problem occurs because we have a mixture of discrete lines
and continuum. This problem is further complicated in the determinations of
the inverse matrix (S t S)-1. One obtains oscillations in the solution due to in-
terference between the components of the S matrix. These oscillations become
most pronounced in the vicinity of discrete lines. Methods have been developed
for damping these oscillations. These methods consist of trying to obtain a
description of the continuous component using the transposition from pulse
height to energy space [Equation (4)], eliminating all possible discrete lines and
points on either side of these lines where oscillations occur, and finding the
best fit of a power law distribution to the remaining points. Therefore, we
assume that the continuum can be approximated by the function

Tc = AE-n  (5)

where Tc is the differential energy spectrum for the continuum component of
the incident flux, A is the amplitude, and n is the power law to be determined
by fitting those points on characterizing the continuous distribution.

Once Tc is determined, the pulse-height spectrum of the Tc background distri-
bution can be obtained using Equation (2). This pulse-height spectrum can be
subtracted from the measured spectrum, and the pulse-height distribution of
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the discrete component is obtained. This can then be converted to a photon
spectrum. The geochemical information is then inferred from this final
distribution.

USE OF THE ANALYTICAL METHOD

An example of the analytical method may be of help in understanding its appli-
cation. Using the methods considered in Reference 7, the discrete line gamma-
ray emission spectrum from the lunar surface for a given composition can be
obtained. An average lunar surface composition for the major element com-
position was assumed and is indicated in Table 1. The expected photon flux is
also shown. Using stochastic methods, a pulse-height spectrum due to the
discrete lines observed at the orbital attitude with a 7- by 7-cm (2. 75- by
2. 75-in) NaI(Tl) detector is calculated. The detector resolution for 0. 661 MeV
is assumed to be 8. 5 percent. We then assumed that the continuum spectrum
was of the form T c - E - 1 . 3. From the Soviet Luna-10 data, 7 we estimated that
the continuous distribution was about 85 percent of the total observed flux from
the lunar surface. Finally, it was assumed that the spectrum was obtained over
a 200-min integration time. The calculated spectrum is shown in Figure 2.
The spectrum is further degraded to correspond with the actual measurement by
allowing for random fluctuations due to counting statistics in each channel. The
spectrum is divided into 511 channels. Thus both crystal size and pulse-height
analyzer correspond to the system used during the Apollo mission.

The pulse-height spectrum is transformed to a photon spectrum using a 118-
component monoenergetic library. The results are displayed on a log-log plot
in Figure 3. The oscillation, especially around discrete energies and at high
energies, can be seen. These oscillation and discrete energy components are
eliminated. Seventeen points remain to characterize the continuous distribution
(the points circled). A least-square fit is performed assuming a power law
dependence [Equation (5)]. Both the magnitude A and power n are determined.
For this particular case it was found that A = 0. 062 and n = 1. 33, only 2. 3 per-
cent from the value assumed in the calculation. The calculated power law
distribution of the continuum is shown in Figure 3. Using the values of A and n
obtained from the least-square fit, the shape and magnitude of the pulse-height
spectrum of the continuous spectrum can be obtained and is shown in Figure 4.
This component is subtracted from the spectrum shown in Figure 2, and an
estimate of the discrete line spectrum is obtained and shown in Figure 5.

At this point, pulse-height spectra characteristic of the elemental reaction
components are used for the library. For example, the pulse-height spectrum
for natural emission from thorium is shown in Figure 6, and the pulse-height
spectrum expected from the O(n, n, y ) reaction is shown in Figure 7. The
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reaction considered, forming a 15 component library, is shown in Table 1.
Using this library, the elemental photon flux and elemental composition can be
obtained by matrix inversion [Equation (4)].

The results of the analysis of the discrete pulse-height spectra are shown in
Table 1. Both photon flux and weight fraction of the particular element are in-
dicated. These results are compared with the values actually used in the cal-
culation. If our assumptions about the continuum and discrete energy spectra
are correct, our capabilities for obtaining qualitative and quantitative elemental
analysis from the measured gamma-ray spectra can be evaluated. The errors
indicated in the table are associated with counting statistics and background
subtraction. Our ability to determine the natural radioactive elements thorium,
uranium, and potassium should be limited only by counting statistics. The
results agree well with the true values. The induced activities of Mg(n, n,Y),
Fe(n,n,v), Si(n, n,Y), and Ca(n, v ) can be used to determine the elemental
weight fraction of magnesium, iron, silicon, and calcium. For the counting
times indicated, the statistical error in determining the elemental weight.
fraction for titanium and aluminum from the Ti(n,n, y,) and Al(n, Y ) reactions
will be rather large. There is one other major source of error in the deter-
mination of the elemental weight fraction. This error can be attributed to inter-
ference between various spectral shapes; that is, the inability to resolve
elemental components separately. An analysis of the covariance between various
elemental components making up the pulse-height spectra of the libraries used
in the analysis of the discrete spectra has been carried out and the percent in-
terference between various components calculated. The method of calculation
is described in Reference 7. The higher the percent of interference, the more
difficult it is to, resolve the particular reactions. Our laboratory experience
indicates that interferences greater than 20 percent cause trouble in interpre-
tation. Table 2 indicates the interference percentages greater than 20 between
the various library components used in the analysis of the elemental reaction
pulse-height spectra. For example, one finds that the Fe(n, ) spectrum
strongly interferes with the O(n,n, 7), Si(n,n, 7), and Al(n, -) spectra. Thus
one would be hard put to use these results to det ermine Fe concentration, for
example. The poor results for oxygen, titanium, and aluminum may also be
explained by this interference problemn.

The procedure for analyzing the measured pulse-height spectra described should
allow us to perform analysis of the Apollo-15 and -16 gamma-ray spectrometer
data. Both qualitative and quantitative results should be obtained, and both
accuracy and precision of results in terms of counting statistics, background
subtraction, and spectral interference can be obtained.
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Figure 1. Pulse-height spectrum of monoenergetic gamma rays incident upon
an 8- by 8-cm NaI(T1) detector (-19 keV per channel).
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Fe(N, N, G): 2.60-MeV photopeak Ca(N, G)M: 2.25-MeV photopeak
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S O(N, N, AG): 4.43-MeV photopeak

AI(N. G)M: 4.69-MeV photopeak

j h O(N, N, G): 5.11-MeV second escape

Fe(N, G): 5.42-MeV first escape Si(N, N, G): 5.11-MeV photopeak

Fe(N. G): 5.51-MeV first escape
w O(N, N, G): 5.62-MeV first escape

Fe(N, G): 5.93-MeV photopeak FeIN, G): 6.02-MeV photopeak
O(N. N, G): 6.13-MeV photopeak

O(N, N, G): 6.61-MeV first escape
Ti(N, G): 6.76-MeV photopeak

Fe(N, G): 7.12-MeV first escape
Fe(N, G): 7.13-MeV first escape

S Fe(N, G): 7.63-MeV photopeak
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Figure 2. Calculated lunar pulse-height spectrum 7- by 7-cm NaI(T1)
crystal;~19keV per channel; 200 min integration time).
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Figure 4. Pulse-height spectrum of continuous distribution assuming a power-law
spectrum E - 1 . 33 (7- by 7-cm NaI(T1) crystal;-19 keV per channel).
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lunar surface emission spectrum (7- by 7-cm NaI(T1)
crystal; ~19 keV per channel).
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Figure 7. Pulse-height spectrum for the O(n, n, Y.) reaction (7- by 7-cm
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Table 1
Theoretical and Calculated Weight Fraction and Fluxes for Average Lunar Composition

Theoretical Calculated
Element Weight fraction Flux, photons/(cm2 s sr) Weight fraction Flux, photons/(cm2 s sr)

Th 2.1 X 10-6 7.84 X 10-3  2.11 ± 0.14 X 1(-6  7.89 X 10-3 ± 0.53 X 1- 3

Mg(n, n, y) 0.05 1.23 X 10-3  0.060 ± 0.012 1.47 X 10-3 ± 0.30 X 10-3

U 0.55 X 1-6  4.84 X 10 3  0.53 ± 0.04 4.64 X 10-3 ± 0.39 X 10-3

O(n, n, ') 0.42 6.13 X 10-3 0.49 ± 0.05 7.22 X 10-3 ± 0.73 X 10r3
Al(n, n, y) 0.10 2.84 X 1 -3  0.15 ± 0.02 4.25 X 10-3 ± 0.64 X 10r3
Fe(n, n, y) 0.10 2.07 X 10 3  0.10 + 0.01 2.11 X 1l03 + 0.23 X 10-3

Si(n, n, y) 0.21 5.10 X 10-3  0.21 ± 0.03 5.08 X 10-3 ± 0.68 X 10-3

Ca(n, n, y) 0.09 4.46 X 10-4  0.22 ± 0.07 1.07 X 10-3 ± 0.36 X 10-3

Ti(n, n, y) 0.015 1.49 X 10-4  0.010 + 0.026 9.71 X 10-5 ± 2.62 X 107
Al(n, y) 0.10 6.49 X 10-4  0.15 ± 0.17 9.74 X 10-4 ± 10.98 X 10-4

Si(n, y) 0.21 1.18 X 1(r3  0.35 ± 0.08 1.96 X 10-3 ± 0.44 X 10-3

Ca(n, y) 0.09 7.80 X 10-4  0.11 ± 0.05 9.65 X 10-4 ± 4.40 X 10-4

Ti(n, y) 0.015 1.75 X 10-3  0.011 ± 0.005 1.28 X 10-3 ± 0.57 X 10-3

Fe(n, y) 0.20 2.88 X 10 3  0.14 + 0.02 3.89 X 10-3 ± 0.54 X 10-3

K-40 1150 X 10-6 2.20 X 10-3 1168 ± 92 X 10-6 2.24 X 10-3 0.18 X 1- 3



Table 2
Percent Interference Between Library Components

Th Mg(n, n, y) U O(n, n, -') Al(n, n, 7) Fe(n, n, f) Si(n, n, y) Ca(n, n, 7) Ti(n, n, 7) Al(n, -y) Si(n, 7) Ca(n, ') Ti(n, -) Fe(n, y) K-40

Th 100 20.2
M(n. n, ) 100 21.0 29.9
U 20.2 100
O(n, n, y) 21.0 100 31.5 51.2 22.4
Al(n, n, -y) 100
Fe(n, n, 7) 100
Si(n, n, 7) 100 73.6 56.7
Ca(n, n, -y) 31.5 100 21.5
Ti(n, n, -y) 100
Al(n, ') 73.6 100 79.2
Si(n, 7) 100
Ca(n, y) 100
Ti(n, y) 29.9 51.2 100
Fe(n,y) 22.4 56.7 21.5 79.2 100
K-40 100
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